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Abstract The present study demonstrated the seasonal
and annual fluctuations in population characteristics of
Nerita japonica on a boulder shore at Amakusa, Japan, and
examined key characteristics in the increasing and
decreasing phases for population monitoring. Monthly
quantitative quadrat sampling and subsequent mark-recap-
ture experiments were carried out during two periods: from
April 1989 to July 1990 (1st period), and from August 1991
to November 1992 (2nd period). The density of the popu-
lation was in a decreasing phase during the 1st period and in
an increasing phase during the 2nd period. The density
increase coincided with the extension of the vertical distri-
bution range to a lower tide level, increase in the number of
recruitment events, increase in the proportion of juveniles
within the population, and increase in the survival of juve-
niles and adults. The growth rate was slightly increased but
the average shell length of adult cohorts did not show any
change. Additional observations showed a continued den-
sity increase and range extension until 1994. On the other
hand, the density decrease coincided with recruitment fail-
ure and a low rate of survival with an unchanged range of
the vertical distribution. Thus, for monitoring the population
of N. japonica, recruitment success and changes in density
and distribution range are key characteristics, but the shell
size is not. These findings show the potential usefulness of
N. japonica as an indicator of the shore environment.
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Introduction
Understanding patterns and processes underlying popula-
tion fluctuations is of central interest in the study of
population dynamics (Cappuccino 1995). In marine habi-
tats, however, it is generally difficult to delineate local
populations of a species because of the strong influence of
non-local factors, such as environmental correlations
between local habitats with oceanic current and prevalence
of external fertilization and planktonic larval stage in the
life history of marine organisms (Grimm et al. 2003). Shore
communities typically consist of species with a wide range
of dispersal modes, from planktonic to direct development
(Pechenik 1999; Grantham et al. 2003), and thus conser-
vation management strategies must consider all the species
with different dispersal modes. In order to monitor shore
communities for environmental conservation, it is desirable
to examine as many species as possible. However, due to
limitations of budget, time, and/or suitable expertise, it is
difficult to monitor all the species in a shore community.
The concept of ‘indicator species’ arises from these con-
straints (Jones and Kaly 1996). Thus, ‘indicator species’
should have specific characteristics to detect present status
of the shore environment conveniently and reliably.
Nerita japonica Dunker (Mollusca: Gastropoda) is,
unlike the majority of the other benthic shore invertebrates,
characterized by internal fertilization without a planktonic
dispersal stage (Koike 1996). Local distributions of N.
japonica along shores are patchy (Abe 1980) and these
patches (from 10 m to 1 km scale; Takada, personal
observation) can be regarded as local populations that have
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their own dynamics (Grimm et al. 2003). Because of its
characteristic life history, N. japonica has attracted the
attention of conservation-oriented researchers. In the 1970s
and 1980s, some local populations in Tanabe Bay (34N,
135E), central Honshu, Japan, became extinct (Abe 1980;
Ohgaki 1989) and subsequently have not recovered
(Takenouchi and Yamato 2002). Abe (1980) inferred that
the characteristic life history of N. japonica, that is the
absence of a planktonic dispersal stage and the short life
span (3–4 years), made the species sensitive to local
environmental stresses that caused the local extinction
while other co-occurring shore gastropods were able to
maintain their populations. Because populations of N.
japonica are locally isolated, studies on the dynamics of N.
japonica will provide basic knowledge for the local shore
environment and for comparison with other co-occurring
species with a planktonic dispersal stage. However, pat-
terns and processes of population fluctuations in N.
japonica have not been understood well, except for size
structure and growth (Suzuki 1935; Abe 1980; Nakano and
Nagoshi 1980, 1983; Takenouchi and Yamato 2002).
The purposes of this study are to examine seasonal and
annual fluctuations in a population of N. japonica on a
boulder shore. Vertical distribution on the shore, size
structure, growth rate, and survival rate are compared as
key characteristics between the two periods of observation.
Annual variations in these population characteristics are
demonstrated by long-term observations that have rarely
been done on boulder shores (e.g., Takada 2007). Then, the
potential applicability of N. japonica as an indicator spe-
cies for environmental monitoring is discussed.
Materials and methods
Study area
The study was carried out on a moderately sheltered shore
on the eastern side of Magarizaki spit (32310N, 130020E)
on Amakusa Shimoshima Island, western Kyushu, Japan
(Fig. 1a). The shore slopes gently (ca. 3) and the whole
intertidal zone is covered by cobbles and small boulders
(long axis \50 cm, hereafter referred to as boulders).
These boulders are ovular, and composed of weathered
chert and rhyolite. The boulders are stable except during
severe spring gales or summer typhoons. The tide is semi-
diurnal and the mean tidal range is 3.3 m during the spring
tides. Nerita japonica occurred in the high and mid-inter-
tidal zones all along the east side of Magarizaki spit
(Takada and Kikuchi 1990, 1991). On the upper surface of
the boulders in the high and mid-intertidal zones, macro-
scopic ([1 mm) sessile organisms are almost absent. The
characteristics of the benthic community on this boulder
shore have been described in detail elsewhere (Takada and
Kikuchi 1990, 1991).
Study organism
Nerita japonica is dioecious with internal fertilization and
oviparous. Females produce and attach egg capsules onto
rocks or boulders (Habe 1960; Paruntu and Tokeshi 2003).
Without any planktonic dispersal stages, 1–16 juveniles
crawl out from an egg capsule (Koike 1996; Paruntu and
Tokeshi 2003). Spawning season of N. japonica in Ama-
kusa has been reported to be May to September (Habe
1960) and also from April to September with a peak in
mid-summer (Paruntu and Tokeshi 2003). Nakano and
Nagoshi (1980) reported that the minimum reproductive
size of females was 10 mm in shell length, considering that
N. japonica of this size develops a crystal sac which
secretes and stores reinforcement minerals for the egg
capsules (Sasaki 1998). Individuals of N. japonica forage
on microalgae growing on the boulders mainly during


















Fig. 1 a Map of the study area and b profile of the boulder shore at
Amakusa, Japan. Ten tide levels (circles) and five transect lines were
set on the shore. c Arrangement of research plots. Longer axes
indicate transect lines in (b) and shorter axes were set parallel to the
shoreline. Quantitative sampling and mark-recapture procedure on
Nerita japonica was carried out at the intersection points of the 2.5-m
grid
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slope of the shore and the low mobility of the snails, they
do not move out of the same zone on the shore during their
normal foraging excursions.
Sampling and mark-release method
Monthly quantitative samplings and subsequent mark–
release experiments were carried out during two periods:
1st period from April 1989 to July 1990, and 2nd period
from August 1991 to November 1992. On the shore, I set
up ten tide levels and five transect lines at 2.5-m intervals
(Fig. 1b) on the slope in order to cover the entire vertical
distribution range of N. japonica. The highest tide level
(TL 1) was located 1.0 m above the MTL (mean tide level)
and the lowest (TL 10) at 0.2 m below the MTL. At each
intersection point of the ten tide levels and five transect
lines (Fig. 1c), four replicates of a 0.1-m2 quadrat were set
contiguously and permanently fixed. Thus, the 20 replicate
quadrats at each tide level (200 quadrats in total) were
sampled during the survey each month.
All the N. japonica in each quadrat found with the naked
eye were sampled, and the shell length (maximum shell
length at the aperture) was measured to an accuracy of
±0.05 mm with vernier calipers. These snails were marked
with non-toxic paints (Paint-Marker, Mitsubishi, Japan) and
coated with glue (Aron-Alpha, Konishi, Japan) at the outer
margin of the aperture. Color combinations were changed
with the sampling month and tide levels. The snails were
released in the same quadrats where they were caught
within 24 h after sampling. During the sampling, each
boulder in the quadrats was turned over and then replaced as
closely as possible in the same position as before. Consid-
ering the mobility of the snails and interval between
samples, any disturbance caused by the previous sampling
was considered to be negligible. I assumed that, as the
sampling area was positioned at the center of the dense
patch of N. japonica extending at least 40 m along the shore
(Takada and Kikuchi 1991), any loss via horizontal
migration from both sides of the sampling area was bal-
anced by migration into the area. Furthermore the mobility
of N. japonica is limited in comparison to other co-occur-
ring gastropods (Takada 1996, 2003; and unpublished data).
To demonstrate long-term annual changes in the popu-
lation characteristics, additional sampling was carried out
three times in winter: January 1991, November 1993, and
December 1994. On these sampling occasions, snails in the
permanent quadrats were sampled and measured as men-
tioned above, but they were released without marking.
Data analysis
The magnitude of the vertical migration of N. japonica was
estimated based on the relative tide levels where the
marked snails were released and recaptured. The recap-
tured snails were categorized into three migration patterns:
upper migrated snails which were recaptured at a higher
tide level than the released tide level, resident snails which
were recaptured at the same tide level where they were
released, lower migrated snails which were recaptured at a
lower tide level than the released tide level. In order to
detect monthly fluctuations in the vertical migration, data
of the snails recaptured after a 1-month period were used to
estimate the percentages of the above three patterns relative
to the total number of the recaptured snails. Homogeneity
of the monthly migration was tested by a goodness-of-fit
test using G statistics after the two periods of data (April–
July in 1990 and August–October in 1991) were combined
to avoid small expected frequency (\1).
In order to demonstrate temporal fluctuations in the
vertical distribution, average tide level of the population
was calculated. The average tide level (ATL), which was
estimated by the sum of products of a tide level (TLi) and
the number of individuals at the given tide level (Ni)




Ni, i = 1,…,10). The ATL represents the
central position of the population on the scale of the tide
level (2.5 m intervals from the up shore to the down shore;
Fig. 1b).
Growth rates were estimated using data of recaptured
snails by linear regression Y = a + bX on plots of Ford–
Walford graphs (Ricker 1975), where Y (mm) is the shell
length at recapture and X (mm) is the shell length at
release. The purpose of this study was not the application
of any existing growth models but a description of the
temporal variation of the growth rate. This equation was
employed due to the high empirical fit. In order to detect
monthly fluctuations, growth data of the snails recaptured
after a 1-month period was used for the estimate. Param-
eters (a and b) were used to construct the growth curve of
the recaptured snails. Although Takada (1995) constructed
probabilistic growth curves from an arbitrary initial size,
deterministic growth curves were constructed in this study
according to Takada (2003). Initial sizes were selected
from the peak in the size frequency histograms for the
marked and released snails: 14.6 mm and 9.1 mm in April
1989, 4.2 mm in August 1989, 12.4 mm in August 1991,
4.8 mm in September 1991, and 3.5 mm in August 1992.
Size-frequency histograms of N. japonica were con-
structed for every sampling occasion by pooling the data of
shell length at all the tide levels. Average shell length of a
cohort was estimated by the maximum likelihood method
of Aizawa and Takiguchi (1999), which enables the fitting
of a set of normal curves to a size-frequency histogram by
using the SOLVER routine of MS-Excel (Microsoft). This
computer-aided method is a practical application of the
method of Akamine (1995) that determines a set of
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parameters of normal distributions similar to other spe-
cialized programs like MIX (Macdonald and Green 1988)
and NORMSEP routine of FiSAT (Gayanilo et al. 2005).
The method of Aizawa and Takiguchi (1999) has recently
become popular (Okuda et al. 2005; Takada 2007) because
of the convenience of working on standard spreadsheet
software without converting data into the other specialized
programs. Although these computer-aided methods
increase the objectivity in cohort separation in comparison
with earlier graphical methods (Harding 1949; Cassie
1954; Bhattacharya 1967), there remain uncertainties in
estimating demographic parameters from a single size
frequency histogram (Grant et al. 1987). Additional infor-
mation on age from growth checks on the shell or the
operculum (Kideys 1996; Barroso et al. 2005) and infor-
mation on growth from recaptured snails (Lewis and
Bowman 1975; Creese 1981; Takada 1995, 2003) have
frequently been used to reduce uncertainties. Alternatively,
growth models, such as von Bertalanffy and Gompertz
equations, were assumed and used as constraints on esti-
mating a set of parameters (Kideys 1996; Quijo´n et al.
2001; Morton and Chan 2004). This study employed an
analysis on time-series of size frequency histograms
(Creese 1981; Prince et al. 1988; Castell 1997; Hermsen
et al. 2003; Takada 2003, 2007; Morton and Chan 2004;
Barroso et al. 2005) to minimize possible uncertainties,
with additional growth information from recaptured snails.
In this study, the number of normal curves fitted to a his-
togram was decided to minimize any abrupt changes of the
number itself between the former and the next sampling
occasions. Assuming the cohort showed a normal distri-
bution with its average size close to the peak size of the
histogram, identical cohorts could be defined through the
series of size–frequency histograms.
Following the temporal changes of the estimated aver-
age shell length of identical cohorts, recruitment events and
subsequent growth of the cohort were estimated during
both sampling periods. A cohort whose average shell
length was less than 10.0 mm was defined as a juvenile
cohort because of the immaturity of the reproductive organ
(Nakano and Nagoshi 1980; Sasaki 1998). The estimated
growth curves of the cohorts were compared with the
growth rate obtained from the recaptured snails, because it
is known that the growth estimates of these two methods
often show disparities (Lewis and Bowman 1975; Creese
1981; Kideys 1996). Survival rate was estimated by the
Richards and Waloff’s first method (Southwood and Hen-
derson 2000), using regressions of the log-transformed
number of individuals of the identical cohorts against the
sampling date.
Results
Temporal fluctuations of the density
Throughout the study period, no individual of N. japonica
was found in TL 1, the highest tide level. The study area
covered the full vertical range of N. japonica, and the
densities at the extremes of the range (TL 2 and TL 10)
were very low throughout the study period (Fig. 2). The
density (average of 20 quadrats at a tide level at one
sampling date) reached a maximum of 66.5 (individuals















































1st period for mark-recapture 2nd period for mark-recapture
Fig. 2 Temporal fluctuation of
the mean density (± SE/m2,
number of quadrats = 20) of
Nerita japonica at nine tide
levels (TL 2–TL 10). The
density in TL 1 is not shown
because no individual was
found throughout the study
period
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80.5 during the 2nd period at TL 4 in November 1992.
Among the overall observations, the maximum density was
166.5 (individuals m-2) observed at TL 6 in December
1994.
The density of N. japonica fluctuated temporally
(Fig. 2). During the 1st period (from April 1989 to July
1990) the density in TL 4 and TL 5 showed a decreasing
trend, where the density was high. In the other tide levels, a
long-term trend was not obvious because of the low den-
sity. On the other hand, during the 2nd period (from August
1991 to November 1992) and the additional period until
December 1994, increasing trend of the density was obvi-
ous in all tide levels except TL 2 and TL 10.
Vertical distribution and migration
Pattern of the vertical distribution was stable in respect that
a single peak occurred in the mid zones (TL 4–6) (Fig. 3).
The vertical range of distribution was restricted in TL 2–8
in the 1st period, but the range was extended in TL 2–10 in
the 2nd period. The average tide level (ATL) of the pop-
ulation also varied between the 1st and the 2nd periods. In
the 1st period, the ATL ranged between the TL 4 and TL 5
(4.42–4.88), except July 1990 (5.12). However, in the 2nd
period, the ATL became lower on the shore: it ranged
between TL 5 and TL 6 (5.11–5.84). Among the overall
observations, the largest value (lowest on the shore) of the
ATL was 6.07 in December 1994.
Most of N. japonica did not migrate vertically between
the tide levels in all seasons (Fig. 4). Pooling all the data of
the snails recaptured after 1 month (n = 857), 7.1% of the
snails were recaptured at a higher tide level than they were
released, and 6.8% snails were recaptured at a lower tide
level than they were released. Proportions of the three
migration categories (upper migrant, resident, and lower
migrant snails) showed a statistically significant monthly
variation (goodness-of-fit test, df = 56, G = 87.39,
P = 0.0046). Significant deviation from the proportion of
the pooled data was observed in two cases: November–
December period in 1989 and combined period of April–
July in 1990.
Cohort separation
During the whole study, the largest individual was
18.85 mm in shell length sampled at TL 7 in March 1992,
and the smallest individual was 1.30 mm at TL 6 in August
1992. Size frequency histograms of N. japonica varied
monthly (Fig. 5). Small individuals (\3.00 mm in shell
length), that represented newly recruited juveniles to the
population, were observed in July, September, and
December 1989 during the 1st period. In the 2nd period,
small individuals were observed from August to October
1991, from December 1991 to February 1992, and from
July to November 1992.
The size–frequency histogram of each sampling occa-
sion had 1–4 peaks that were considered to represent the
modal sizes of cohorts (Fig. 5). Four cohorts (a-d) were
detected in the 1st period and eight cohorts (e-l) were
detected in the 2nd period. Some cohorts merged into a
single mode in larger shell length and could not be sepa-
rated. These cohorts were labeled as a combined cohort





































































































Fig. 3 Temporal changes in the vertical distribution of Nerita
japonica. Mean ± SD of the density (/m2, number of quadrats = 20)
are shown at each tide level. Open circles show where no individuals
were sampled. Open triangles on the horizontal axes represent
average tide level (ATL) of the population
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the largest average shell length were combined cohorts,
except cohorts a and e which were present at the beginning
of the sampling period. The average shell length of these
combined cohorts ranged from 13.84 to 14.07 mm in the
1st period and 13.3 to 14.39 mm in the 2nd period.
A new cohort (d) was observed in August during the 1st
period, and thus one event of successful recruitment
(cohort d) was recognized corresponding to the 1989
spawning season. Cohort h was observed at the beginning
of the 2nd period (August 1991) and could be recognized
as a successfully recruited cohort. In addition to the cohort
h, four new cohorts (i-l) were observed during the 2nd
period. Two events (cohorts h and i) and three events
(cohorts j, k, and l) of successful recruitment were recog-
nized in the 1991 and 1992 spawning seasons, respectively.
Estimated growth curves by the cohort separation showed
approximately similar results with the estimated growth
curves from the regression parameters of the recaptured
snails (Table 1; Fig. 6). For example, average shell length
of cohort h was 4.8 mm in September 1991 and the fol-
lowing year it reached 11.4 mm in July 1992 (Fig. 6b).
Estimation from the recaptured snails showed that snails of
4.8 mm shell length in September grew to 10.8 mm by the
following July (Fig. 6d). Growth curves obtained by the
both methods demonstrate that juvenile snails increase their
shell length more than adult snails, and that both juvenile
and adult snails almost stop growing during winter. Growth
rates of adult and juvenile snails in the 1st period were
slightly slower than those in the 2nd period (Table 2).
Estimated survival rate of N. japonica was also varied
with size and the period (Fig. 7). In the 1st period, both
adults (cohorts a + b + c) and juveniles (cohort d)
decreased significantly. Estimated monthly (30-day) sur-
vival rate of the adults was 0.959 (0.934–985, 95%
confidence interval), while 0.794 (0.711–887) for the
juveniles. On the other hand, regressions for adults (cohorts
e + f + g) and juveniles (cohort h) in the 2nd period were
not statistically significant (P [ 0.05), indicating higher
survivorship in this period compared to the 1st period.
Long-term changes in size-frequency histograms
Size-frequency histograms of N. japonica in winter varied
annually (Fig. 8). In each year, several cohorts were rec-
ognized. Two juvenile cohorts (average shell
length \ 10 mm) were obvious in December 1994, and
recognizable in the other years except in December 1989
and December 1991. Juvenile cohort comprised 9.6% of
the population in December 1989, and 42.3% in December
1994. Two adult cohorts (average shell length C 10 mm)
were recognized in December 1989, but only one adult
cohort in the later years. Except in December 1989, aver-
age shell length of adult cohorts showed the maximum at
14.7 mm in January 1991, with the minimum at 12.7 mm
in December 1994. Individuals of adult cohorts were
observed at TL 4–7 in December 1989 and they were
observed over a wider range of tide levels in the later years.
In December 1991, most snails at TL 7 and TL 8, which
were near the lowest limit of the distribution, were larger
than the average shell length of the adult cohort. Also, at TL
8 in 1992 and at TL 9 in 1993, snails near the lower limit of
the distribution showed larger shell length than the average
of the adult cohort. The larger size adults tended to promote
the gradual expansion of the distribution range to the lower
shore. Juveniles also expanded their distribution range
during the 6-year period. At TL 8, 12 juvenile individuals
occurred in 1992 following the occurrence of 6 adults in







A J O J A J A N F A J O
53 43 23 20 18 18 18 23 20 16 17 18 8 10 4 17 14 22 23 37 40 29 50 49 40 37 30 20 28 59 53
ns ns ns ns ns ns ns * ns ns ns ns * ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns











Fig. 4 Monthly fluctuations of
the frequency of the three
categories of the recaptured
snails according to their vertical
migration patterns. Open bars
show migrants to a higher tide
level, closed bars show
residents which were recaptured
at the same tide level where
released, and shaded bars show
migrants to a lower tide level.
The number of recaptured snails
and results of homogeneity test
are listed above each column for
the respective 1-month period.
ns not significant, *P \ 0.05
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following the occurrence of 40 adults in 1993. Thus, adult
snails gradually lowered the distribution range and so, with
a time lag, did juvenile snails. In the upper shore direction,
snails did not expand their range much. Only a few juve-
niles were observed at TL 3, in contrast to the adults.
Discussion
The present study demonstrated the temporal fluctuations
in population characteristics of N. japonica on a boulder
shore. The density of the population was decreasing
during the 1st period (April 1989 to July 1990) while it
was increasing during the 2nd period (August 1991 to
November 1992). The density increase coincided with the
extension of the vertical range to the lower shore, the
high proportion of juveniles in the population in winter,
the increase of the number of newly recruited cohorts,
and the high survival rates of adults and juveniles
(Table 2). The average shell length of adults and the
growth rate, however, were similar both in the 1st and
2nd periods.
30, 1989 N = 211
May 31 N = 201
July 1 N = 278
July 30 N = 203
August 29 N = 236
September 30 N = 242
October 30 N = 205
December 29 N = 207
January 30, 1990 N = 148
February 24 N = 161
March 24 N = 195
April 23 N = 173
May 20 N = 176
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80 November 22 N = 582
December 3 N = 416
January 5, 1992 N = 353
February 2 N = 257
March 1 N = 340
April 5 N = 407
April 29 N = 344
May 29 N = 412
June 28 N = 343
July 27 N = 308
August 26 N = 432
September 26 N = 458
October 24 N = 506




































































































(a) 1st period (b) 2nd periodFig. 5 Monthly changes in the
size-frequency histograms of
Nerita japonica during a the 1st
period (from April 1989 to July
1990) and b the 2nd period
(from August 1991 to
November 1992). Samples from
the ten tide levels (TL 1–10)
were pooled. Arrows with
lowercase letters above the
histograms show the mean shell
length of cohorts estimated by
fitting normal curves
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The growth rate of N. japonica varied seasonally and
annually (Fig. 6). However, the estimated growth curves
showed a general lifetime pattern of shell growth. Newly
recruited juveniles with ca. 5 mm shell length in the fall
reach to ca. 7 mm by the winter then apparently stop
growing. They increase their shell length from spring to fall
and reach to ca. 13 mm in the next winter then stop growing
again. The next warm season, they reach to ca. 14 mm in
shell length. The seasonal growth pattern in the present
study is similar to that shown in previous studies (Suzuki
1935; Nakano and Nagoshi 1980, 1983). However, results
of the present study demonstrated that N. japonica in
Amakusa showed slightly better growth (2.4 9 10-2 mm
day-1 in juvenile shell length in summer) than that
(2.1 9 10-2 mm day-1) in Shima Peninsula (34N, 137E)
observed in previous studies (Nakano and Nagoshi 1980,
1983).
Population processes in decreasing and increasing
phases
Abe (1980) suggested two possible extinction processes in
local populations of N. japonica at Tanabe Bay, Japan: one
was the lack of recruitment of juveniles and the other was
accidental mass mortality of adults. A recruitment failure
was also observed in the present study. The number of newly
recruited juveniles was very low after the reproductive
season in 1989 (Fig. 5) and most of them died out before the
next summer (Fig. 7). On the other hand, no event of mass
mortality of adults was recognized in the present study. The
survival rate of adults in the 1st period was lower than that in
the 2nd period (Fig. 7). During the decrease in abundance,
the vertical range of the distribution did not change but the
density decreased (Figs. 2, 3). At Tanabe Bay, the lack of
recruitment in several consecutive years resulted in the local
extinction, because the estimated longevity of N. japonica in
Tanabe Bay was 3–4 years (Abe 1980). In the present study
at Amakusa, some juveniles successfully recruited to the
population after the reproductive season in 1990, the year
following the recruitment failure.
Frequent failure of recruitment has been observed in
several gastropod species in temperate intertidal zones
(Kendall et al. 1987). The relatively long longevity of
benthic adults, however, tends to buffer any annual fluc-
tuations in recruitment success. Therefore, if the causes of
recruitment failure continue for a longer period than the
longevity, the probability of local extinction would
increase. Failure of recruitment is also a proximate cause of
the local extinction of an Umbonium moniliferum (La-
marck) (Gastropoda: Trochidae) population on a sandflat
(Tamaki 1994). Although the present study did not focus
on factors for the recruitment failure, Abe (1980) suggested
a case of developmental disorder of larval N. japonica in
the egg capsules due to seawater pollution.
The contrasting population characteristics between the
increasing and the decreasing phases suggested some of the
processes worked in reverse during the two phases
(Table 2). In the increasing phase, successful recruitment
of juveniles was observed 2–3 times a year (Fig. 5), cou-
pled with high survival (Fig. 7). This suggests that the
production and the development of juveniles were tempo-
rally synchronized in the population, but there was no
direct evidence that individual females produce egg cap-
sules several times a year. The growth rate was slightly
higher during the increasing phase, but the average shell
length of adult cohorts was similar in both phases.
Table 1 Parameters of linear regression (Y = a + bX) and coeffi-
cient of determination (r2), calculated from the shell length at
recapture (Y mm) against the shell length at release (X mm)
Period n a b r2
1st period
April 30–May 31, 1989 51 1.694 0.889 0.982
May 31–July 1, 1989 43 2.280 0.849 0.990
July 1–July 30, 1989 23 2.546 0.828 0.994
July 30–August 29, 1989 20 1.791 0.890 0.992
August 29–September 30, 1989 18 1.523 0.930 0.990
September 30–October 30, 1989 18 1.811 0.903 0.987
October 30–December 2, 1989 18 1.507 0.899 0.997
December 2–December 29, 1989 23 0.411 0.972 0.999
December 29, 1989–January 30, 1990 20 0.062 0.996 1.000
January 30–February 24, 1990 16 0.000 1.000 1.000
February 24–March 24, 1990 17 0.158 0.989 1.000
March 24–April 23, 1990 19 0.787 0.944 0.999
April 23–May 20, 1990 8 0.000 1.000 1.000
May 20–June 20, 1990 10 1.588 0.890 0.996
June 20–July 21, 1990 4 0.326 0.983 0.945
2nd period
August 7–September 8, 1991 17 3.012 0.802 0.982
September 8–October 5, 1991 14 2.316 0.851 0.995
October 5–November 2, 1991 22 1.304 0.916 0.996
November 2–December 3, 1991 23 0.821 0.944 0.999
December 3, 1991–January 5, 1992 37 0.627 0.957 0.999
January 5–February 2, 1992 40 0.215 0.985 1.000
February 2–March 1, 1992 29 0.189 0.987 1.000
March 1–April 5, 1992 50 0.597 0.960 0.999
April 5–April 29, 1992 49 0.817 0.945 0.999
April 29–May 29, 1992 40 1.355 0.909 0.996
May 29–June 28, 1992 37 1.790 0.880 0.995
June 28–July 27, 1992 30 2.396 0.842 0.990
July 27–August 26, 1992 20 2.438 0.836 0.996
August 26–September 26, 1992 28 2.503 0.838 0.993
September 26–October 24, 1992 59 1.802 0.879 0.997
October 24–November 22, 1992 53 1.498 0.901 0.998
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The present results of the growth curve showed that the
juveniles recruited at the beginning of the recruitment
season (August–February) can grow to the adult size
(10 mm in shell length) by the reproductive season of the
following year. But juveniles that recruited late in the
season may not reproduce in the following year. Under
high survival of juveniles, as in the 2nd period, early
recruitment within the season and early maturation to
reproduction form a positive feedback for population
increase.
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(a) 1st period, cohorts
(d) 2nd period, recapture(c) 1st period, recapture
(b) 2nd period, cohortsFig. 6 Growth curves of Nerita
japonica estimated by the
cohort separation during a the
1st period and b the 2nd period.
Estimated average (±SD) of the
normal curves fitted to the size-
frequency histograms (Fig. 5)
are shown. Lowercase letter
beside each growth curve
corresponds to the same cohorts
in Fig. 5. Comparable growth
curves estimated from the
regression parameters of the
recaptured individuals (Table 1)
are also shown for c the 1st
period and d the 2nd period.
Open circles represent initial
shell length for the respective
estimated growth curves
Table 2 Summary of
population characteristics of
Nerita japonica during the 1st
(decreasing) and 2nd
(increasing) periods of mark-
recapture
a The minimum value - the
maximum value during the each
period
1st period 2nd period
Average tide level (TL) 4.42–5.12a 5.11–5.84a
Vertical range in winter (TL)
Adults 4–7a 3–8a
Juveniles 4–6a 4–7*
Monthly peak density (m-2)
along the tide levels
24.0–66.5a 42.5–80.5a
Percent of juveniles in winter 9.6 32.7
Average shell length of adults (mm)
Growth rate (mm day-1)
13.84–14.07a 13.31–14.39a
Adults (May–August) 2.68 9 10-3 4.75 9 10-3
(November–February) 5.24 9 10-4 1.25 9 10-3
Juveniles (May–August) 2.30 9 10-2 2.44 9 10-2
(November–February) 2.73 9 10-3 8.87 9 10-3
Number of newly recruited cohorts
Survival rate (per 30 days)
1 in 1989 2 in 1991 and 3 in 1992
Adults 0.959 Not significantly different from 1
Juveniles 0.794 Not significantly different from 1
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In the 2nd period, the extension of the vertical range also
contributed to the population increase. The present results
of the mark-recaptured snails, however, showed a low
frequency of up or down migration on the shore after a 1-
month period (Fig. 4) in comparison to Monodonta labio
(Linnaeus) and Littorina brevicula (Philippi) that occurred
on the same boulder shore (Takada 1996, 2003). The
present results of mark–recaptured snails did not detect any
significant increase of vertical migration in the 2nd period,
when the range of vertical distribution extended (Fig. 2).
This discrepancy is considered as an artifact of the
difference in time scale. The mark–recapture procedure
focused on monthly process, while the range extension was
a yearly process.
The vertical range and movement patterns of intertidal
gastropods have been shown to vary with density (Mackay
and Underwood 1977; Byers 2000). In the present study,
the extension of the vertical range followed the increase of
density. However, the present study did not investigate
evidence whether density increase would promote any
behaviors of downward migration. Increased density may
increase the number of individuals migrating downwards
on the shore even though the proportion of downward
dispersal is unchanged. It is worth noting that juveniles
tended to expand their distribution to the new lower tide
levels in the following year of the adult occurrence. A
possible explanation is that the dispersed adult produced
juveniles at the lower tide levels.
The processes of population fluctuation were summa-
rized as follows. In the decreasing phase: (1) recruitment of
juveniles failed and (2) low rate of survival resulted in the
density decrease with unchanged range of the vertical
distribution. In the increasing phase: (1) several events of
recruitment occurred in a year, (2) survival rate was high,
and (3) the vertical distribution range extended to the lower
zone with the density increase.
Direct-developing species as a potential indicator
In general, species without planktonic dispersal stages are
at risk of local extinction by habitat deterioration occurring
at local scales (\1 km) and may be less persistent over
geological time, whereas species with dispersal stages are
able to overcome local habitat deterioration by recruitment
from other areas (Jablonski 1986; Pechenik 1999). In the
short term, dispersal ability of the species affects the
structure of spatially scattered local populations.
Comparisons of population processes of co-occurring
congeneric species with different dispersal modes are
worthwhile in order to estimate risk of local extinction by
environmental deterioration. Nerita japonica has a conge-
neric co-occurring planktonic disperser N. albicilla
Linnaeus. Takenouchi and Yamato (2002) tried to compare
the local extinction and recovery processes of these Nerita
spp. and inferred that both N. japonica and N. albicilla
populations had been reduced in Tanabe Bay by the 1990s,
but recently only N. albicilla that has a planktonic larval
stage has increased toward recovery. On the other hand,
comparisons of two species of gastropods, Batillaria spp.,
on tidal flats in Japan revealed that Batillaria multiformis
(Lischke), a planktonic disperser, has a higher risk of
extinction than co-occurring Batillaria cumingi (Crosse)
that produces benthic juveniles without a planktonic dis-
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(a) 1st period     
(b) 2nd period
Y = 2.34 - 0.000605 X, r2=0.586, P = 0.006
Y = 2.38 + 0.0000250 X, r 2= 0.00150, P = 0.910
Y = 2.06 - 0.0000676 X, r 2= 0.00669, P = 0.822
Y = 1.51 - 0.00334 X, r 2= 0.743, P = 0.001
Fig. 7 Estimation of survival of cohorts by regression Y = a + bX,
where Y is the log10-transformed number of individuals in cohorts and
X is the number of days from a August 29, 1989 in the 1st period and
b September 8, 1991 in the 2nd period. Regression parameter b equals
to log10(S), where S is the daily survival rate (Nt+1 = SNt, Nt is the
number of individuals at day t). Open circles represent adult cohorts:
a cohort a + b + c and b cohort e + f + g. Closed circles represent
juvenile cohorts: a cohort d and b cohort h
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for the direct developer N. japonica and the planktonic
disperser B. multiformis appear to be contradictory,
recruitment failure is considered to be a primary factor for
the extinction risk in both cases. Different spatial mecha-
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Fig. 8 Six-year annual changes
in the size-frequency histograms
of Nerita japonica. Samples
from all tide levels were
cumulated. TL 1 and TL 2 are
omitted because no individuals
were observed at TL 1 and TL 2
on the sampling occasions.
Arrows above the histograms
show the mean shell length of
cohorts estimated by fitting
normal curves. Pie charts
represent proportion of tide
levels for individuals included
in juvenile cohorts (left) and
adult cohorts (right).
Proportions of individuals
included in juvenile cohorts are
shown. N Number of total
individuals
Popul Ecol (2008) 50:391–403 401
123
Oceanic currents affect dispersal of planktonic larvae
and subsequent success in recruitment to appropriate ben-
thic habitats (Gaylord and Gaines 2000). Planktonic eggs
and larvae are vulnerable to planktonic and benthic pre-
dators, false chemical cues during metamorphosis and
settlement, and dispersal away from favorable habitats,
while benthic egg masses are vulnerable to benthic pre-
dators and environmental stresses including pollutants
(Pechenik 1999). These mechanisms for planktonic dis-
persers work in larger spatial scales than those for direct
developers. Therefore, a difference in dispersal scales
shows a potential for indicator of environmental stresses in
different spatial scales (Jones and Kaly 1996). In the case
of Nerita spp. in Tanabe Bay, supposed environmental
stressors deteriorated on both local and regional scales
(although not explicitly defined in Takenouchi and Yamato
2002) and later recovered in the regional scale. Simulta-
neous monitoring of both a direct developer and a
planktonic disperser will give detailed information on the
scales of environmental deterioration.
Furota et al. (2002) discussed that the planktonic B.
multiformis is vulnerable to environmental deterioration at
regional scales (10–100 km), such as overall decrease in
the favorable benthic habitats and frequent occurrence of
hypoxic seawater that negatively affects planktonic larvae.
On the other hand, the life history of N. japonica is affected
by factors operating at local scales (\1 km), such as
accumulation of polluted sediment on the shore habitats.
The results of Abe (1980) and the present study indicate
that recruitment of N. japonica is a better candidate for
monitoring the local (habitat) environment than the other
population characteristics. Recruitment failure can be
effectively monitored by size frequency histograms in
winter. The density and the vertical range on the shore can
be observed by ordinary quantitative samplings in any
season. Monitoring the average shell length of adults and
the growth rate, however, is not effective because they
showed similar values both in the increasing and decreas-
ing phases.
In conclusion, a population of N. japonica on a boulder
shore showed contrasting characteristics between increas-
ing and decreasing phases. Population characteristics,
especially success of recruitment, are potentially useful
criteria for monitoring changes of shore environment on a
local scale.
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